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SECTION  I 
INTRODUCTION 


The  development 
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ered  possible  weapon 
only  the  size  of  the 
fied.  Furthermore, 
due  to  high  pressure 
si  on. 


TJTsi, ‘Misers, 


HatA  has  been  developed  on  the  response  of 
In  recent  years  d^no  A  significant  characteristic 

omplex  structures  to  d^^tion  of^the  loading  as  compared 

)f  the  loading  *^nHPs'^o/the  structure.  Furthermore,  the  nuclear 

tsrr,! ft.. 

l^ruJuaSr^rter^J^hough  th,  Re  produced 

sion  is  very  localized,  by  causing  up  cpupre  This  study  is 

Refused  rn\peS,rc5rexprostins‘lodThl  ret:i?iog  structurel  i.»,e  to  reio- 
forced  concrete  beams. 


TO  eveluate  the  turulvabUlty  Jf^He  “rSaurS?' 

iruirurr'^ifhrrolirpsri?  rhr?:«  w^por-U  detonated  near  a  girder  or 
:o1umn  in  the  structure. 


TO  develop  data  of  the  P-p—.  the  “-head^EfR1vehess_Branch^^_ 

K^d°IntS%''cSnS;ct  i™r3‘w\?h  Ot.ah^oia  State  University  to  develop 
iUrvivability  data  for  reinforced  concrete  beams. 


.1  OBJECTIVES 


V/UVi>V>'  m  w 

,  eimiiar  t n  those  found  in  conventional  office 

„,ldrn^rrr“^r^:Sro‘s!  re^sfhSled  to  h^h  intens^^^^ 

^‘~^rh’igirrnrorsiry“:rulseVarprovided  by-spherical  pentolite 


lages. 


suspended  over  the  beams.  Five  different  beams  were  studied  and  included  a 
typical  beam,  a  typical  beam  without  shear  reinforcement,  a  beam  with  high 
strength  concrete,  a  beam  with  high  strength  steel,  and  a  beam  with  a  large 
reinforcement  ratio. 

The  first  objective  of  these  tests  was  to  determine  the  impulse  neces¬ 
sary  to  fail  a  given  beam.  By  adjusting  the  distance  from  the  charge  to  the 
test  item,  it  was  possible  to  vary  the  impulse.  Data  from  Goodman  (Refer¬ 
ence  1)  were  utilized  to  select  the  charge  size  for  the  desired  range  of  im¬ 
pulse. 

The  second  objective  of  the  program  was  to  generate  test  data  for  the 
evaluation  of  a  numerical  method  (IMPBC)  (Reference  2)  which  was  developed 
for  the  nonlinear  analysis  of  impulse- loaded  reinforced  concrete  beams. 

1.2  PROGRAM  DEVELOPMENT 

The  work  summarized  in  this  report  was  conducted  over  a  3'j-year  period 
at  Oklahoma  State  Unive-sity,  Stillwater,  Oklahoma,  and  Eglin  AFB,  Florida, 
from  January  1973  until  May  1976.  The  design  and  construction  of  the  test 
beams  and  a  supporting  frame  were  performed  at  Stillwater,  Oklahoma,  and 
shipped  to  Eglin  AFB,  Florida.  The  impulse  test  program  conducted  by  Eglin 
AFB  began  in  May  and  was  completed  in  September  1974.  The  explosive  charges 
which  generated  the  impulse  were  spherical  pentolite  provided  by  the  Naval 
Weapons  Station,  Yorktown,  Virginia.  Following  the  blast  tests,  the  beams 
were  returned  to  the  Oklahoma  State  University,  Stillwater,  Oklahoma,  for 
final  damage  inspection  and  static  tests. 

The  analysis  of  test  data  began  in  February  1974  and  continued  through 
January  1976.  Three  tapes,  containing  304  data  files,  were  assembled  by  the 
Eglin  AFB  Computer  Sciences  Laboratory  and  forwarded  to  Oklahoma  State 
University  for  processing  and  analysis.  The  Oklahoma  State  University  Field 
Office,  Eglin  AFB,  Florida,  provided  valuable  assistance  in  the  modification 
of  the  data  tapes  for  compatibility  with  the  OSU  (Stillwater)  IBM  360/65 
computer  system. 

Data  analysis  was  divided  into  five  stages,  conducted  simultaneously 
whenever  possible.  First,  pressure  data  were  reviewed  for  reliability  and 
accuracy.  This  was  performed  by  the  review  of  pressure-time  curves  and 
digitized  data  listings  provided  by  Eglin  AFB.  Second,  methods  for  the  inte¬ 
gration  of  accelerometer  data  were  studied  to  provide  a  suitable  integration 
technique  to  obtain  beam  velocity  and  displacement.  Third,  the  strain  data 
were  processed  and  studied:  load  cell  data  to  determine  beam  reactions  and 
strain  gage  data  to  calculate  curvature.  Fourth,  data  from  a  final  static 
test  program  were  used  to  evaluate  the  level  of  damage  sustained  during  im¬ 
pulse  tests.  Finally,  a  correlation  study  was  performed  to  compare  test  data 


2 


.. 


loading. 


1.3  PROGRAM  RLSULTS 


,„  genPr.,.  the  data  «»eloped  by  these  tests  were 
evaluation  of  computer  program  IMPBC  and  the  1  required  in  this 

The  acceleration  data  did  "«', '"^J^d  ?LJue  «.s  deterStned .  indi- 
TaUd  borh”p“rns2?era7Clses‘less  than  those  predicted  by  Goodman  (Refer- 
ence  1 ) . 


Laboratory  static  tests  thejmpolse  exSion‘’of 

estimate  danage.  The  method  for  d  g  «  which  the  impulse  to  produce 

?a?tojrirs?trd  ?iriti:?:'S'rti?’wi"rLiir»crty  -o^er. 


iMs  re^rt  -ch  type  of  data  H^P^-ted^^and  -|scussedj^^H»ever .  a 
complete  analysis  for  each  test  ^  nf»nprated  bv  this  work.  The  test  data 
fr^^araiUbre  rSviriJ  Appendix  A.  These  curves  were  prepared  by  the 
Eglin  AFB  Computer  Sciences  Laboratory. 


Of  the  beams  tested,  the  one  fabricated  w^hjigh  strength^concrete  sus¬ 
tained  the  least  damage  and  °"®^^JJ^.p5\hr5^atest  damage.  As  a  result 
beam  with  increased  tensile  steel  .  s^fered  greate  intensity  impulse 

^^aJrrhoSir?;  l‘b“r?^aJTJs51:rh?Rr:rr;nrtb'rorc?e‘te  an?  modest  quantities 
of  ductile  steel  reinforcement. 


i  -Af  «VV«V 


SECTION  II 


PREVIOUS  STUDIES  OF  IMPULSE  LOADED 
REINFORCED  CONCRETE  BEAMS 


The  response  of  impulse  loaded  reinforced  concrete  beams  is  a  function 
of  several  variables,  among  which  are  the  strain  rate,  the  "^^^nal  proper¬ 
ties  and  the  cross  section  geometry.  Under  impulse  loading,  portions  of  a 
member  «oeHencrh1gH  rates  of  change  of  curvature,  which  produce  high 
a^atn  ratelin  the  steel  and  concrete.  The  net  effect  of  h  gh  strain  rates 
is  to  increase  the  strength  and  toughness  of  steel  and  the  strength  and 
crushing  sfrHn  of  concrete.  These  properties  lead  to  increased  member 

strength  and  ductility. 

A  number  of  studies  of  rapidly-loaded  reinforced  concrete  beams  with 
both  full-  and  model -si zed  specimens  have  been  reported,  loady^em 

anolied  mechanically,  more  recent  studies  have  used  explosives. 
ture  cited  herein  provides  some  information  on  both  material  and  member  be¬ 
havior  under  rapid  loading. 

2.1  EFFECTS  OF  STRAIN  RATE  ON  THE  PROPERTIES  OF  STEEL 

The  strain  rates  discussed  in  the  literature  are  based  on  average  rates. 

Manjoine  (Reference  4)  investigated  the  effect  of  Thrst?es's- 

steel  at  temperatures  varying  from  room  temperature  to  ^0° 

strain  curve's  from  room  temperature  experiments  are  given  in  Figure  1 

st^riJl  r^tes  which  vary  froln  9.5  x  lO'?  to  300  per  second.  .  It  was  cone  uded 

in  this  study  that  increased  strain  rates  cause  the  lower 

vield  strain  the  strain  at  which  strain  hardening  began,  and  the  ultimate 

slrenoth  ti  inerLse.  The  influence  of  strain  rate  on  significant  parameters 

are  s2mmar?ze3rn  Figure  2  as  a  function  of  strain  rate.  The  steel  used  in 

that  study  was  a  low-carbon,  open-hearth,  mild  steel,  not  a  reinforcing 

steel . 

The  dynamic  yield  stress  ratio,  foy/fy.  is  presented  in  two  studies 
(References  5  and  6).  These  ratios  are^shown  in  Figure  3  as  a  function  of 
strain  rate.  Also  shown  in  Figure  3  is  a  mathematical  model  of  the  J^elation 
between  strain  rate  and  dynamic  yield  stress  ratio  given  by  Perrone  (Refer¬ 
ence  7): 


where  n  and  D  are  material  dependent  constants  and  e  is  the  strain  rate 
For  mild  steel  these  values  are  D  =  40.4  per  second  and  n  =  5. 


RATIO  Of  DTRAMIC  VIELO  TO  STATIC  TiEl.O 


2.2  EFFECTS  OF  STRAIN  RATE  ON  THE  PROPERTIES  OF  CONCRETE 


A  large  compressive  strain  rate  increases  the  ultimate  strength,  The 
strain  at  ultimate  strength,  and  the  strain  energy.  Watstein  (Reference  8) 
tested  3-inch  by  6-inch  cylinders  of  2000  and  6b00  psi  concrete  at  strain 
rates  which  varied  from  10-6  to  10  per  second.  In  Figure  4  the  ultimate 
dynamic  strength  of  the  specimens,  ff)c.  is  compared  with  the  static  strength, 
f .  The  area  under  the  dynamic  stress-strain  curves  was  integrated  to  yielc 
work  performed  on  the  specimen  per  unit  volume.  These  data  are 
Figure  5  as  the  ratio  of  the  work  under  dynamic  loading,  Wg*  to  work  under 
static  loading,  W.,  as  a  function  of  dynamic  stress  ratio,  fDc'tr-  lois 
work  function  mi gSt  be  used  to  develop  dynamic  concrete  stress-strain  curves 
from  static  test  data. 


All  good  and  Swihart  (Reference  6)  presented  results  of  tests  Performed 
at  the  Naval  Civil  Engineering  Laboratory.  The  test  speciirons  were  noted  as 
being  low  and  high  strength  and  were  tested  at  two  ages:  28  days  and  49 
days  The  28-day  specimens  were  tested  wet  and  the  49-day  specimens  were 
tested  dry.  Results  of  these  tests  as  well  as  those  of  Watstein  are  shown 
in  Figure  6  as  a  function  of  stress  rate. 


Atchley  and  Furr  (Reference  9)  tested  6-inch  by  12-inch  cylinders  which 
we^e  left  in  their  molds  for  1  day  after  casting,  moist  cured  for  7  days,  and 
air  dried  for  1  day  prior  to  testing.  The  resulting  strength  ratios,  pre¬ 
sented  as  a  function  of  stress  rate,  appeared  to  approach  a  limiting  value 
with  increasing  stress  rate,  a  trend  which  contradicts  the  results  shown  in 
Figure  6.  However,  this  may  be  due  to  the  difference  in  the  ages  of  the  con¬ 
crete  specimens  and  the  curing  histories.  Watstein  reported  an  increase  for 
the  modulus  of  elasticity  with  strain  rate;  however,  Atchley  and  Furr  found 
no  such  tendency. 


The  influence  of  strain  rate  effects  on  tensile  strength  of  concrete  was 
given  by  Keenan  (Reference  10)  who  tested  4-inch  by  8-inch  split  cylinders 
statically  and  dynamically  at  stress  rates  to  210,000  psi  per  second.  The 
results  of  these  tests  are  shown  in  Figure  7. 


Fox  (Reference  11)  and  Galloway  and  Rathby  (Reference  12)  performed 
rapid  load  tests  on  plain  concrete  beams  to  assess  the  effects  of  transient 
loads  on  the  modulus  of  rupture.  They  imported  increases  in  the  modulus  of 
rupture  as  large  as  66  percent.  There  is  some  indication  that  their  results, 
which  are  dependent  on  measured  reactions,  have  not  been  corrected  for  iner¬ 
tial  forces  of  the  specimens  and  supports. 


2.3 


RESEARCH  ON  REINFORCED  CONCRETE  BEAMS 
SUBJECTED  TO  HIGH  LOAD  RATES 


Over  the  years  a  number  of  studies  (e.g..  References  10  and  13  through 
29)  have  been  performed  to  determine  the  performance  of  reinforced  concrete 


STRAIN  ENERGY  RATIO 


COMPRESSIVE  strength  RATIO 


gure  7.  Influence  of  btress  Kate  on  tne  lenbue 
Strength  of  Concrete  Cylinders  (From  Reference 


,.leim>nLs  unclor  rapid  loadir.r).  Although  the  tests  often  ^ J^^enious 

,xporiim*ntal  techniques,  deficiencies  in  ^ 

tails  limit  the  value  of  the  results  from  those  efforts  to  this  program. 

2.4  DISCUSSION 

From  the  available  literature,  a  number  of  factors  relative  to  the  be¬ 
havior  of  reinforced  concrete  members  subjected  f®  ^ 

presented.  Both  concrete  and  reinforcing  steel  are 

strain  rates  For  concrete,  the  effect  is  for  the  stress  and  strain  at 
c^ushinotr increase  with  strain  rate.  This  would  cause  corresponding  In- 

Material  properties  are  presented  as  a  function  of  average  strain  rates. 

There  was  no  discussion  of  possible  effects  of  5rom  a 

ever,  this  phenomenon  may  be  of  significance.  The  strain  rate  varies  fron  a 
maximum  value,  following  the  application  of  the  impulse  loading,  to  zero 

the  maximum  deflection. 

J  ‘.i.  would  occur,  data  would  be  “f  5\,e 

specimen  would  not  be  useful  for  lurther  t«ts.  On  the  other  hand.  Utbe 
charge  was  placed  too  close,  the  impulse  would  not  only  fall  the  beam  out 
possibly  the  test  frame  and  instrumentation. 

For  these  reasons,  a  number  of  speciiimns 

firJmd'^unSrr  increasing  I, .'pulse.  Several  other  f,. 

rorfain  properties  significantly  different  than  the  typical  beams,  nowever, 
the'  SrSp^r^ieri?  ail  Seams  were  chosen  to  be  within  the  scope  of  actual 
construction  practice. 


SECTION  ill 


TEST  SPECIMENS 


The  objective  of  this  investigation  was  to  subject  reinforced  concrete 
beams  to  very  short  duration  pressure  loads,  to  study  the  blast-structure 
interaction,  and  to  assess  the  resulting  damage.  Test  specimens  were  fabri¬ 
cated  to  be  representative  of  full-sized  beams  used  in  typical  building  con¬ 
struction. 

The  test  specimen  was  selected  so  that  it  was  large  enough  to  preclude 
similitude  problems,  yet  small  enough  to  minimize  cost  and  procurement  of 
test  fixture  and  explosives.  A  member  8  inches  by  12  inches  appeared  to 
satisfy  these  requirements. 

3.1  BEAM  GEOMETRY 

The  overall  geometry  proposed  above  was  found  acceptable  and  was  used 
to  plan  beams  in  five  different  configurations.  Table  I.  At  the  time  of 
fabrication,  the  number  of  explosive  charges  available  to  the  project  was 
unknown.  For  these  reasons,  more  beams  were  originally  fabricated  than  sub¬ 
sequent  budget  restrictions  permitted  to  be  included  in  the  test  program. 

This  report  considers  only  beams  subjected  to  impulse  loading  on  detailed 
static  tests.  Figure  8  shows  the  general  beam  dimensions  as  well  as  the  de¬ 
tails  of  reinforcing  steel  and  the  end  support  connection. 

A  steel  end  angle  (L  6x6x3/8)  was  cast  in  the  beam  to  provide  a  connec¬ 
tion  and  bearing  seat  for  the  end  support  mechanism.  The  end  angle  also 
provided  anchorage  for  the  reinforcing  bars  to  insure  development  of  steel 
strength  near  the  end  of  the  beam. 

3.2  BEAM  INSTRUMENTATION 

Accelerometers,  strain  gages,  and  load  cells  were  used  to  measure  the 
response  of  the  beam.  Three  accelerometers  and  four  pairs  of  strain  gages 
were  installed  in  each  beam.  Two  pairs  of  strain  gages  and  one  accelerometer 
were  installed  at  the  midspan  of  the  beam.  The  other  pairs  of  strain  gages 
and  accelerometers  were  installed  at  qu^rterpoints.  The  strain  gage  instal¬ 
lation  is  shown  in  Figure  9.  The  quarter  station  instrumentation  provided  a 
check  of  symmetry  and  greater  reliability  for  quarter  station  data. 

The  concrete  gages  were  applied  to  the  beam  sides  approximately  1.6 
inches  below  the  top  surface.  The  gages  were  placed  in  a  shallow  2-inch  by 
8- inch  depression  for  protection  from  mechanical  damage.  Figure  10  shows  a 
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Figure  9.  Strain  Gage  and  Lead  Wire  Installation  Details 


igun 


TABLE  I.  BEAM  CONFIGURATION  SCHEDULE 


Beam 

Numbers 

Beam  Type 

Nominal  Design  Parameters 

f 

(ksi) 

f 

y 

(ksi) 

% 

(1n^) 

Rein¬ 

forcing 

Ratio 

Shear 

Stirrups 

1,2 

High  strength  concrete 

6 

40 

0.88 

0.0104 

Yes 

3.4 

Increased  steel  area 

3 

40 

2.00 

0.0239 

Yes 

5 

Increased  steel  strength 

3 

60 

0.88 

0.0104 

Yes 

6.7 

Shear  stirrups  removed 

3 

40 

0.88 

0.0104 

No 

8-13 

Typical 

3 

40 

0.88 

0.0104 

Yes 

TABLE  II.  PROPERTIES  OF  REINFORCING  STEEL 


Beam 

Bar 

^ult 

Percent 

Numbers 

Size 

(ksi) 

(ksi) 

Elongation 

1.2,6-13 

No.  6 

51.95 

82.85 

22.15 

5 

No.  6 

62.50 

100.00 

_  _a 

3.4 


No.  9 


50.50 


81.80 


24.00 


side  view  of  a  beam-quarterpoint  station  and  illustrates  the  placement  of 
the  concrete  strain  gage  and  its  connecting  lead  wire.  The  cross  section 
shws  the  steel  gage  installation  with  its  lead  wire  passing  up  to  a  harne.. 
ne^thrcenter  of  the  beam.  Also  illustrated  in  this  figure  is  the  accel¬ 
erometer  housing  with  an  accelerometer  and  lead  wire  in  place.  The  steel 
strain  gage  installation  is  illustrated  in  Figure  11. 

3.3  MATERIAL  DESCRIPTION 

Properties  of  the  steel,  fine  aggregate,  coarse  aggregate,  cement  and 
concrete,  are  presented  in  this  section.  Static  tensile  test  results  for 
the  reinforcing  bars  are  given  in  Table  II.  The  coarse  aggregate  was  3/4 
inch  crushed  limestone  from  the  Quapaw  Quarry.  Drumright, 
aggregate  was  Cimmaron  River  sand  from  the  Dolese  Quarry. 

Type  I  Portland  cement  was  manufactured  by  the  Dewey  Division  of  Martin 
Marietta.  The  aggregate  properties  are  given  in  Tables  III  and  IV. 

The  properties  of  the  concrete  for  each  beam  are  given  in  Table  V.  In 
addition  to  these  data,  the  strain  at  ultimate  load  was  recorded  ^or  a 
limited  number  of  compression  cylinders.  For  concrete 
strength  of  3000  psi.  the  average  strain,  cr.  from  four  samples  was  0^00^-- 
while  a  sample  of  concrete  with  a  compressive  strength  of  6000  PS1  gave  a 
value  of  0.0021.  These  data  are  required  for  the  construction  of  the  con¬ 
crete  stress-strain  curves  for  dynamic  loading. 

3.4  TEST  SPECIMEN  FABRICATION 

Beam  fabrication  and  instrumentation  was  performed  in  three  stages. 

(1)  Application  of  strain  gages  to  the  reinforcing  bars 

(2)  Casting  and  curing  beams  and  control  cylinders 

(3)  Application  of  the  strain  gages  to  the  surface  of  the  beams. 

The  beams  were  cast  in  a  steel  form.  The 
12.2  inches  deep.  Each  beam  was  cast  in  three  4-inch  li^ts; 
from  a  separate  batch.  A  portion  of  each  batch  was  cast  into  control  cylin¬ 
ders;  four  6xl2-inch  cylinders  and  four  6x6-inch  cylinders.  The  12-inch 
cylinders  were  compressive  strength  specimens  while  the  6-inch  cylinders  were 
used  for  the  Brazil  indirect  tensile  strength  test.  Half  of  these  cylinders 
were  moist  cured  and  were  tested  for  ultimate  strength  at  the  age  of  28  days. 
The  other  half  were  cured  with  the  beam  and  were  tested  as  soon  after  the 
beam  field  test  as  was  practical. 

After  casting. the  beam  and  control  cylinders  were  covered  with  wet  bur¬ 
lap  and  a  layer  of  plastic  for  about  16  hours.  At  this  time  . 

half  of  the  control  cylinders  for  each  batch  were  removed 
set  aside  to  moist  cure  under  wet  burlap  and  plastic  for  an  additional  6  days. 
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Figure  11.  Typical  Strain  Gage  Installation  on  Reinforcing  Steel 
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TABLE  III.  GRADATION  OF  FINE  AGGREGATE 


Sieve 

Size 

Numbers 

Percent 

Retained 

Cumulati ve 
Percent 
Retained 

4 

1 

1 

8 

4 

4 

16 

12 

16 

30 

30 

46 

50 

40 

86 

100 

12 

98 

Fineness  modulus  =  2.51. 


Specific  gravity  (bulk-SSD)  =  2.61. 
Absorption  capacity  =  0.46  percent. 
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TABLE  IV.  GRADATION  OF  COARSE  AGGREGATE 


Sieve 

Size 

(inches) 


Percent 

Retained 


Cumulative 

Percent 

Retained 


Fineness  modulus  =  7.31. 

Specific  gravity  (bulk-SSD)  *  2.79. 


followed 
room  and 


7:,tA1p." 


by  air  drying.  The  rema inning  cylinders  were  placed  in  a  moist  cure 
were  strength  tested  at  Z8  days. 


SECTION  IV 


TEST  PROGRAM 


The  test  program  extended  from  October  1973  through  November  1974  and 
was  conducted  in  three  phases.  The  initial  tests  were  conducted  at  Oklahoma 
State  University.  Stillwater,  Oklahoma,  and  were  designed  check  instru¬ 
ment  performance.  The  second  phase  was  conducted  at  Eglin  AFB,  Florida, 
from  May  through  September  1974.  where  the  impulse  tests  were  performed. 
Finally,  the  beams  were  returned  to  Stillwater,  Oklahoma  for  final  tests. 

4.1  PRELIMINARY  STATIC  LOAD  TESTS 

Tests  were  conducted  with  the  beams  mounted  in  a  test  fixture  as  shown 
in  Figure  12.  Synmetrical  static  loads  were  applied  to  produce  constant 
moment  in  the  center  48-inch  span  of  the  beam.  Steel  and  concrete  strains, 
along  with  the  curvature  of  the  constant  moment  region  were  recorded.  The 
purposes  of  these  tests  were: 

(1)  To  precrack  the  beam  prior  to  application  of  the  npulse  loads  so 
its  stiffness  would  be  similar  to  that  of  a  beam  with  a  prior  service  load 

history,  deternine  flexural  stiffness  of  the  beam  in  the  constant  moment 

*(3)  To  compare  curvature  calculated  from  steel  and  concrete  strains 
with  measured  curvature. 

The  beams  were  cyclically  loaded,  from  one  to  three  cycles,  with  Pro¬ 
gressively  larger  maximum  loads,  as  shown  in  Figure  13.  In  each  cycle  ..ne 
fofd  ias  increLed  to  a  peak  value  and  then  gradually  decreased  o  zero 
The  maximum  load  was  equal  to  or  slightly  larger  than  half  the  theoretical 
ultimate  load.  Following  the  preliminary  cycling,  a  load  which  was  40 
percent  of  the  theoretical  ultimate  was  applied.  The  data  i^rom  this  last 
cycle  were  used  to  estimate  the  flexural  stiffness  and  are  presented  in 

Table  VI. 

Strains  measured  at  the  midpoint  were  used  to  calculate  the  curvature, 
4^,  at  the  maximum  load  of  each  loading  cycle.  These  were  compared  with  the 

mlasured  curvature,  as  shown  in  Figure  14. 

from  strains  tended  to  be  less  than  those  found  by  displacements. 
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Figure  12.  Beam  Installed  in  Laboratory  Test  Fixture  for 
Preliminary  Static  Load  Tests 


TABLE  VI.  MEASURED  FLEXURAL  STIFFNESS 


Beam 

Numbers 

Measured  Stiffness 
(lb-1n2) 

I 

1.32  X  10^ 

2 

1.34  X  10^ 

3 

2.06  X  10^ 

4 

1.91  X  10^ 

5 

1.50  X  10^ 

6 

1.38  X  10® 

7 

1.36  X  10® 

8 

1.40  X  10® 

9 

1.53  X  10® 

10 

1.36  X  10® 

11 

1.17  X  10® 

12 

1.44  X  10® 

11 

1.44  X  10® 

■•»>-n-*r..v‘t^'^  ''** 


4.2  IMPULSE  TESTS 

The  test  beams  and  t''f  .‘';PP“'-\!5;'noL“?«tr''’The  “est^'lixtSre’was 
Florida,  following  the  Pf!^"  '  1“  ‘c“n5ucted  hrre  between 

irSt;’!Jd'%irpt™blr'H?5.*"SaU  olUlnrd  in  these  tests  were  docomented 
by  Reichstetter  (Reference  29). 

4.2.1  Test  Facilities 

test 

-4i?he^d 

charge  above  the  center  of  the  test  f'^tohe.  ,ead-w1res 

was  adjusted  by  a  winch  ..  f  ,^ena  Instrumentation  bunker 

„ere  buried  in  a  shallow  trench  lej'l'os  to  an  Pf®"*  for  the 

about  200  feet  away.  This  Ponker  and  pressure  transducer 

!?"nl?sre?e“;?ai?^1trei’tr’drtr;c,:?ti?^S^'erP^nt  in  ?he  control  bunker. 
&  9  \  9  Test  Fixture.  The  test  beams  were  installed  in  a  massive  in- 

test  fixture  was  designed  in  Figure  16,  was  con- 

loaded  by  the  shock  wave.  The  .  2  ^  instrumentation, 

strutted  for  the  purpose  the  test  b^am.^tne^i 

and  the  beam  support  aj  a  beL  support  mechanism  was  positioned 

“I'r  rh‘r2e^tfed^"c^eils'  s  tSSw  ^iP-^eH  The 

?ir2irck‘s'*we^rl“falUSertr'elrh%‘tM  ro^irbas?^lab  by  horizontal 

and  vertical  tic  rods. 

steel  plates  were  placed  on  top  of  » "“f ,:;^'’betweS^h^■ 

face  of  the  beam  as  shown  interfering  with  the  beam  mo- 

niate  and  the  beam  to  prevent  the  plate  trom  incerrermy 

tifn  Thirgap  was  sealed  with  a  light  gage  steel  sheet. 

The  top  plate  incorporated  machined  Jositionedlhripres- 

transducer  mounts,  as  shown  J"  ^^ure  19^  Thes^^^  ^^^^P  transducer 

sure  transducers  flush  with  the  siderai Island  base  slab  to  one 

lead  wires  passed  through  conduits  in  the  sideraiis 

key-way  to  shield  them  from  blast  effects. 
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Figure  15.  Test  Site 


With  Beam  Installed  on  Support  Mechanisms 


Figure  18.  Cross  Section  Through  End  of  Test  Fixture  With  Top  Plates, 
Beam  Support  Mechanism,  and  Load  Cells  in  Place 


INSTRUMENTATION  OUTLET 


4fe™Scr  This  time  Is  designated  M  In  the  reduced  data  sho«n 
In  Appendix  A. 

A  0  ^  L  nata  Acauisition.  During  a  test,  data  were  obtained  from  six 
I"*'*  'rable^vn’lltts  thrMnIfKt“"l*Sl*Jind  t5ec1f1cations“for  these 

bunker. 

4.2.2  Test  Procedures 

.d  i^nrt^™rt’n,r£  “S 

dIcrcoStSnt  JUSt^^^s’klp-feet  !",‘5'^'^‘^„J®;'lJ"!;cS?ded!  ‘?he1??tln 

“ir:nr,r’c;,?rreVo:SeJrertriJfs”gn:t"?si^^^^^^ 

equipment  and  the  calibration  repeated  and  data  recorded. 

The  Charge  ««  positioned  at  "ed'^5a"“tTnf  inn 

over  the  center  t-Jt  fixture.  Following  the  explo- 

slill  th2®tesr55^dl!ln  miJlSrementS^S" 

K’2iis,T;K.r. -s  S"  ^ 

ss’is;  .Mr  rwrsrrtfs™- « 

greater  detail. 

State  University  for  analysis. 

=ss,|:2;rsw^^ 
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Figure  20.  Charge  in  Place  Over  the  Text  Fixture  Prior  to  Test 


accommodate  these  peak  accelerations  caused  the  much  smaller,  free  vibration 
ac«lerations  of  the  beam  to  be  the  same  order  of  magnitude  as  the  instrumen¬ 
tation  line  noise  errors.  This  reduced  accuracy  of  test  data  severely.  To 

tMt  pwbl™'  on  the  fifth  test  e  thin  gesket  was  placed  underneath  a 
quarterpoint  accelerometer  and  the  calibration  on  that  channel  was  changed 
from  lo!oOO  g's  to  1000  g's.  The  calibration  level  change  improved  the 
siqnal-to-noise  characteristics  of  data.  However,  the  magnitude  of  p 
I^etlratiSn^was  still  sufficient  to  produce  tern  ^^fts  in  tne  output  n 
transducer  which  could  not  be  eliminated  from  the  accelerometer  data.  ^'Te 
the  first  test,  axle  pins  were  found  to  be  bent  and  a  second  set 
fabricated  using  higher  strength  steel.  By  the  time  of  the  third  test  nidi¬ 
fied  axles,  with  acLlerometers  attached  to  monitor  the  motion  of  the  support 

mechanism,  were  in  use. 

After  the  first  four  tests  a  different  style  of  pressure  transducer  was 
utilized  in  an  effort  to  obtain  more  reliable  pressure-time  data.  The  test 
configuration  was  further  modified  by  burying  the  test  fixture  so  that  the 
too  surface  of  the  beam,  the  test  frame,  and  the  ground  level  were  at  the 
same  level.  This  was  done  to  eliminate  pressure  relief  which  may  have  bee,i 
present  due  to  the  vertical  faces  of  the  long  narrow  test  fixture. 

The  beams  of  the  fifth  and  sixth  tests  exhibited  signs  that  . 

of  the  beam  had  impacted  with  the  test  frame  during  the  test,  even 
?teel  Dlates  had  been  initially  placed  at  least  0.2  inch  away  from  the  beam. 
It  was^felt  that  high  lateral  soil  pressure  might  be  causing 
the  sideraiirduring  the  blast.  For  this  reason  a  pair  of  4-inch  by  6-inch 
pSsts  were  placed  "t  the  bottom  of  the  cavity  to  brace  the  two  tideraiU 
against  such  motion. 

Prior  to  Ten  No,  7  one  load  cell  was  found  to  be  inoperable.  A  re- 
place^nt  could  not  be  obtained  and  the  damaged  load  cell  was  left  in  place. 

A  log  of  all  tests  is  given  in  Table  VIII.  Included  are  the  test  dates, 
the  beam  numbers,  and  post-test  measurements. 

4.2.3  Post-Test  Observations 

The  beams  suffered  little  damage  in  the  first  two 
crack  ran  through  the  beams  to  their  top  surface  as  shown  in  Figure  21. 

These  clacks  were  clean,  straight  tensile  fractures  on  the  top  surface  and 
aooeared  to  have  resulted  from  beam  rebound.  Longitudinal  hairline  cracks 
Jeff^oted  on  the  sides  of  these  two  beams  about  1/2  inch  below  the  top  sur- 
Uce  for  3  to  4  inches  on  either  side  of  the  centerline.  These  cracks 
appeared  to  be  the  beginning  of  spalling  of  the  top  layer  ’ 

with  smaller  charge  standoff  distances,  the  top  layer  {1/2  to  3/4  inch 
thickl  exhibited  crushing  damage  6  to  8  inches  on  either  side  ot  the  center- 
line  In  Figure  22  the  extent  of  damage  indicates  a  massive  spalling  was 
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TABLE  VIII.  TEST  PARAMETERS  AND  POST-TEST  MEASUREMENTS 
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eminent  For  still  smaller  standoff  distances  the  concrete  was  crushed  in  a 
SSe-shaped  zone  about  2  inches  long  and  1/2  to  3/4  inch  deep  as  shown  in 
Fiaure  23  For  the  smallest  standoff  distances,  the  crushed  zone  was  about 
5  inches  long  U  1  to  1^,  inches  deep.  This  crushing  behavior  did  not  occur 
in  bLms  with  high  strength  concrete,  as  can  be  seen,  Jor  example,  in  Figure 
24  In  contrast  with  the  typical  strength  beams  tested  with  the  same  stand 
off  distance,  the  high  strength  concrete  appeared  to  be  more  damage  resistant. 

Beam  5,  which  was  reinforced  with  high  strength  steel,  sustained  more 
damage  tha^  other  test  specimens.  Figure  25  shows  this  be«m  immediate  y  ter 
testing  and  prior  to  removal  from  the  test  fixture.  Figure  26  shows  the  same 
beam  after  removal  from  the  test  fixture.  Furthermore,  the  beams  with  ^ 
higher  reinforcing  ratio  experienced  greater  top  surface  crushing  than  typic 
beams  with  similar  charge  standoff  distances. 

The  crack  widths  at  the  level  of  the  reinforcing  steel  were  measured 
after^tL  beams  were  removed  from  the  fixture.  Figure  27  jll'^strates  typical 
cracking  in  the  center  section.  The  crack  spacing  was  on  the  order  of  6  to  8 
inches. ^  The  maximum  crack  widths  occurred  in  the  center  section,  small¬ 

est  measurable  cracks  were  between  12  and  18  inches  from  the  center. 

6  and  7,  in  which  the  shear  stirrups  had  been  omitted,  did  not  exhibit  du. 

gonal  tension  cracks. 

Beams  3  and  4  with  a  high  reinforcing  ratio  had  prominent  longitudinal 
spl1tt1nrcra?I!s  at  the  level  of  the  reinforcing  steel,  as 
For  beam  3  these  cracks  extended  12  to  18  inches  K  _ 

line  Splitting  of  this  type  is  frequently  associated  with 
Als^shoSn  in  Figure  28  is  some  significant  surface  crazing  which  was  high- 
lighted  by  test  personnel;  these  random  cracks  were  not  a  result  of  impuls. 

testing. 

4.3  DAMAGE  ASSESSMENT  TESTS 

Although  the  impulse  loadings  caused  significant  crushing 
disolacements  in  some  beams,  visual  inspections  could  not  define  the  extent 
of  the  dragl  T^Santify  the  damage  and  to  relate  it  to  de  ivered  impulse, 
the  bLms  were  returned  to  Oklahoma  State  University  for  further  testing. 

The  test  configuration  for  the  final  load  tests  was  . 

oreliminarv  static  tests.  Loads  were  applied  as  shown  in  Figure  12  and  bot 
loads  and  displacements  were  recorded  on  an  X-Y  recorder.  The  ^®^^ 
was  to  load  a^beam  progressively  to  failure.  Yielding  was  considered  to  have 
occurred  in  the  reinforcement  when  load-displacement  plots  c®®^®p  ® 

ar.  The  ultimate  moment,  M/,,  was  the  largest  measured  moment.  Failure  was 
defined  as  a  sudden,  large  Toss  of  capacity  due  to  the  j^^jh  ng  of  a  s  gnifi 
cant  zone  of  concrete  on  the  top  surface  of  the  beam. 

ments  were  imposed  and  progressive  failure  continued  until  the  resistance  of 
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Figure  23.  Center  Section  of  Beam  7  After  Test  No.  10 


Figure  25.  Center  Section  of  Beam  5  After  Test  No. 


Figure  27.  Side  and  Bottom  Views  of  Beam  2  After  Test  No.  11 


the  bee.  was  reduced  to  about  50  percent  of  the  „'/5i“uidamged 

undamaged  beams  are  attributed  to  the  impulse  loading. 

L«d  strain  jrdScuSnsTu!'  *„5ud'"li"bl"lord-’' 

dur  ng  these  tests.  Sija  1 .  sharp  red«tions  recording  of.  data 

and  occls?o'n“.nrcoIncl3ed  w??h  smll  failures  in  the  conipression  zone  of  the 

beam. 

Parameters  used  to  evaluate  the  ««««  »J  Irtlble' ifb^beam^Sd’ test 
i?e  uIS“n^?eror!x“5:is?rssThrff?ert  Iflhe'impilse  load  on  the 
damaged  sustained  by  the  beams. 

Turn  quantities  which  be  related^to  J“™|',*5tsp1«Sr.'‘ih"sUtli 

dKJnlfw  "rtuS’r^aterthe  ability  rmU°dSi“luy‘'ra°tr^f 

deflection  curve  between  6y  and  6n»ax‘ 
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TABLE  IX.  SUMMARY  OF  RESULTS  OF  STATIC  STRENGTH  TESTS 
OF  DAMAGED  BEAMS 
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SECTION  V 

PRESSURE  MEASUREMENTS 


The  pressure  to  which  the  test  specimens  were  subjected  was  "leasured  by 
oressure  transducers  attached  to  the  test  frame  at  three  pomts.  These  data 
were  integrated  to  determine  the  impulse  of  the  blast  wave 
and  impulse  were  compared  with  predicted  values  from  Goodman  (Reference  ). 
JlthZh  mLsS^L  were  taken  to  isolate  the  transducers  from  the  frame  vibra- 
t  oSthe  in  t^a  s?Jle  of  transducer  was  not  well  suited  to  the  blast  envi- 
rinli^nt  annas  replaced  after  Test  No.  5.  Results  from  the  final  seven 
tests  indicate  greater  reliability  for  the  pressure  measurement. 

5.1  DISCUSSION  OF  PRESSURE  DATA 

The  pressure  data  were  processed  by  standard  data  reduction  techniques 
of  thl  fgl^rAFB'tapotor  Sciences  Laboretory.  .T^ePOFUive  portion  of  the 
nrpssure  was  integrated  to  determine  the  blast  impulse  and  these  results 
Lnmarized  in  Table  X.  Pressure-time  signals  from  the  fourth  test  are  show 
in  Figure  30  The  signals  contain  a  significant  high  f-^equency  component, 
n  addition  after  thipassage  of  the  pressure  wave. the  output  of  the  pres- 
Lre^transducers  was  equivalent  to  several  atmospheres  of 
Aithouah  this  zero  shift  was  negative  for  Test  No.  4,  for  other  tests  posi 
i  ie  shifts  we^rLsured.  One  of  the  Kistler  transducers  was  replaced  by  a 
PCB  Jansducerfor  Test  No.  5.  The  signal  from  the  PCB  transducer  exhibited 
iSs^high  frequency  noise  and  less  baseline  shift  and  for  subsequent  tests 
PCB  transducers  were  used  exclusively. 

Thp  cavitv  oressure  (Figure  30)  generally  did  not  exceed  20  psi .  ^1 

thougl  lhp  top^Ml  ?enetra(ed  on  Test  No.  4.  it  was  on  other  tests 

!lld  ?eak  1nte?hal  pressures  on  the  order  of  80  to  120  psi  were  recorded. 

5.2  CALCULATED  IMPULSE 

The  pressure-time  data  were  numerically  integrated  at  the  of 
reduction^to  calculate  the  impulse  of  the  explosion.  The  calculated  impolse 
for  each  pressure  transducer  is  recorded  along  with  the  peak  pressure  on  the 
data  plots  of  Appendix  A.  The  numerical  method  integrated  only  positive 
pressSrerover  the  total  time  span  (15  ms)  of  the  plot.  Consequently,  any 
Signal  cor?nUding  to  positive  pressure  arising  from  either  zero  shift  of 
the  transducer  or  noise  was  integrated  and  caused,  in  several 
fiLt  errorf  in  the  calculated  impulse.  This  impulse  is  recorded  as  I  in 

Table  X. 

To  calculate  a  more  accurate  estimate  of  impulse,  a  review  of  P'l'essure- 
time  curves  indicated  an  average  duration  of  the  positive  pressure  to  be 


TEST  IMPULSES  AND  PEAK  PRESSURES 
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approximately  1.25  ms.  The  “nstructioh  shown  on^PF3^of  f '9ure^30^illus-^ 

trates  the  evaluation  ot  The  posit  P..  .  ^  jj  future  reference  to  impulse 
impulse  at  1.25  ms  is  ''ecorded  as  I  in  Table  ». 
will  refer  to  the  value  related  to  1.Z5  nis. 

5.3  CORRELATION  WITH  PREDICTED  VALUES 

Peak  pressures  and  ^Also^shown  on°these  figures  are  values 

off  distance  in  Figures  31  and  32.  ^J^^o  shw  impulse  at  1.25 

predicted  by  Goodman  j  yalue  These  data  should  be  accepted 

ins  is  always  less  than  the  Pl^ed^cted  value.  These  later 

as  qualitative,  and  not  values  °J.P;j®““^®aasured  accurately,  will  be 

sections  the  charge  standoff  ^  *  characteristics  of  the  chemical  explo- 

used  to  represent  pressure  and  impulse  character! scicb  u. 

sion. 
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STAND  OFF  DISTANCE,  FEET 


Figure  32. 
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Comparison  of  Primary  Reflected  Impulse 
th  Predictions  From  Reference  i 


SECTION  VI 

ACCELERATION  MEASUREMENTS 


Thr>  vprtical  motion  of  the  beams  was  measured  by  accelerometers.  How- 
actual  beam  acceleration.  Furthemore.  t  ®  ^  instrument. 

hiqh^frequency  acceleration  was  responsible  for  the  error  and  a  Jampi  g 

Si' SSS  SSS'HI  r 

Ssed  to  calculate  the  time-velocity  and  time-displacement  charactenst  c 
the  beam  with  no  success. 

Recause  of  the  high  accuracy  required  of  acceleration  data  to  correctly 
establish  time-displacement  characteristics  by 

nf  <;ijccess  encountered  in  this  program  is  not  atypical.  The  accelerat  o 

In  Ap'penSix  A  to  provide  the  reader  a  »,eans  to 

evaluate  the  data. 

6.1  DISCUSSION  OF  DATA 

The  resDonse  of  a  typical  digitized  accelerometer  signal  is  shown  in 

Finurlis  While  the  magnitude  of  the  measured  high  frequency  acceleration 

wlrsianificantly  reduced  by  inserting  damping  material  between  the  beam  and 
was  signiTicariyjr  ,  n^fPipration  was  an  order  of  magnitude 

tion  calculations.  However,  accelerometer  signals  were  influenced  by 
llJl  hiahnitiSl  accelerat  on  signals  which  significantly  reduced  the  quality 
0?  the  fatl  ihe  thfft  of  the  instrument  zero  baseline  was  the  order  of  mag¬ 
nitude  of  the  acceleration  experienced  by  the  beam  in  free  vibration. 

6.2  DATA  ANALYSIS 

Several  methods  were  employed  to  integrate  9iti zed  accelerometer  re- 
cords^o?  time  histories  of  velocity  and  displacement.  Although  none  of  the 
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methods  studied  gave  reasonable  values  of  velocity  and  displacement  for  all 
tests,  a  method  which  assumed  a  constant  shift  of  the  zero  baseline  gave 
values  of  velocity  and  deflection  which  were  the  order  of  magnitude  of  the 
anticipated  beam  response  for  several  tests.  Shown  in  Figures  35  and  36  are 
integrated  velocities  and  displacements  for  the  accelerometer  record  shown 
in  Figure  34.  It  must  be  emphasized  that  these  results  are  not  typical  for 
calculated  beam  response. 

While  time  and  funds  were  not  available  for  more  extensive  data  analy¬ 
sis,  it  is  doubtful  that  more  reasonable  or  accurate  results  could  be  ob¬ 
tained  by  further  study.  First,  the  large  magnitude,  high  frequency  signals 
produced  a  baseline  shift  which  may  be  variable  with  time.  While  this  pheno- 
ni6non  might  be  approximated  by  acceptable  data  reduction  techniques*  the 
digitizing  rate  may  limit  the  accuracy  of  the  data.  A  digitizing  rate  of 
12.5  microseconds  which  was  used  in  the  program  may  be  too  large  an  accu¬ 
rate  representation  of  the  acceleration  signal.  It  should  be  emphasized  that 
there  was  no  precedence  for  this  type  of  impulse  test,  and  the  accelerometers 
did  not  provide  a  reliable  means  for  the  measurement  of  beam  motion.  For 
future  studies  of  the  response  of  structures  to  high  intensity  impulse  load¬ 
ing,  other  methods  for  deflection  measurements  should  be  considered.  Without 
significant  advances  in  the  design  of  accelerometers,  the  use  of  either 
optical  or  direct  measuring  devices,  such  as  the  LVDT,  should  be  investigated. 


Figure  35.  Calculated  Center  Velocity  From  AC-2,  Test  No.  11 
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SECTION  VII 
REACTION  MEASUREMENTS 


Instrumentation  was  phenomenological  performance  of  test 

,ly  more  complete  documentation  of  the  phenome^^^^g^^ 

ipecimens.  Based  on  j  caoacitv  of  30,000  lbs  was  placed  at  each 

,f  three  load  cells  if  jfre  placed  between  the  reinforced 

S^tlon  of  the  . . .  the  reaction 

device 


Ah  Objective  of  this  P7-iSm‘%srthf crt^rro’cieris^rfS;'- 

erification  of  computer  program  IMPBC.  and  flexibility  of  the 

ion  of  time,  are  calculated  ff -gHgied  by  IMPBC  and  contributed  to  a 

,eam  end  support  structure  could  not  b^modeled^^y^  resulting  potion  of 

lifference  between  Jtla  forces  which  were  sensed  by  the  load 

:he  support  structure  produced  inertia  forces  w  determ  ne  the 


7.1  DISCUSSION  OF  DATA 


The  load  cell  ‘''t„"Sdd1tlOT‘'to%en'slJg’thrbeyend''f^ces. 

surement  of  the  beam  end  ^  vibration  of  the  load  reaction 

fe;i«1™5lUd’l“e?t?l  forUrShIch  w^re  superposed  on  bea.  end  forces. 

« _ .1.U OC 


A1  though  the  e^ceSde” 4o!oorpo2nds .  ^^plrthemore .  f ol  1  ow 

)ounds.  measured  reactions  exhibited  permanent  strains  which 

irdl^rd  Tt.ll  ruSje?iei’tJ  iral^wllch  exceeded  15,000  pounds. 


To  Illustrate  ’'eactlon  Masurements,^9ures^3f^and^M  are  j. 

the  response  of  »  test  Ho.  10.  Is  shown  In  Figure  3B.  The 

gS^rlrterlsttcfelMMted’l'n  figure  38  are  typical  for  all  tests. 


Additional  analysis  was  petfood  In  order  ^,t5rd%fb^e. 

faUrtS  j^xii^iity^s?  ?po  s  ^%'trf?i«s‘Si^d  rain^pS- 

irerS'se'dTJhrStTrf  JlurmlnX  Ideailzing  the  support  structure 
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Figure  38.  End  Reaction  Load  From  Beam  9,  Test  No.  10 


as  simple  bars,  beams,  and  plates.  While  some  of  the  “’“’‘“Vj^UeJifr 
compared  favorably  with  measured  frequencies,  it  was  not 

values  of  flexibility  used  in  the  model  or  represent  the  ^®2sSe 

response  noted  in  the  measured  data.  A  cal  test 

of  the  load  reaction  system  was  performed  by  striking  the  beam  with  a  sledge 
i^er  a  sSSJrt!'^  The  outpSt  of  the  three  'oad  cel  s  was 

assess  the  transmlsstbility  of  the  system.  The  ««“'* 

in  Figure  39.  The  period  of  vibration  noted  in  this  figure  is  also  snown 

Figure  37. 

7.2  CALCULATED  REACTIONS— IMPBC 

In  this  section  the  results  from  digital  computer 
ence  21  will  be  presented.  Since  details  of  the  program  do  not  permit  the 
description  of  flexible  supports,  the  oscillation  noted  in  the  experimen 
data  cannot  be  reproduced. 

The  nonlinear  response  of  the  impulse  loaded  beam  was  . 

for  the  material  properties  presented  and  discussed  in  Appendix  B.  Studies 
were  performed  for  both  typical  beams  and  high  strength  concrete  beams.  These 
results  ar^hown  in  Figures  40  and  41  as  functions  oj 

that  for  an  impulse  of  700  psi-ms.  failure  was  indicated  ^^Lj^^lSr 

The  response  of  the  high  strength  concrete  beam,  shown  in  Figuro  41,  is  similar 

to  that  of  the  typical  beam.  Furtherrore,  the  A  50  per- 

small  changes  in  response  for  large  changes  in  the  applied  J^Poise.  A  50  p 
cent  increase  in  the  applied  impulse  produces  a  10  percent  Increase  in  tne 

measured  reaction. 


■ilMJIIUWiMU.gU  JIUHtUMMIl—i 
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Figure  41.  IMPBC  Simulated  End  Reaction  for  6  KSI 
Concrete  Beam 


SECTION  VIII 
BEAM  STRAIN  MEASUREMENT 


Strain  gages  were  placed  at  the  midpoint  and  the  two  quarterpoints 
along  the  beams  to  monitor  strains  of  the  concrete  and 
inq  the  impulse  test.  Strain  data  from  the  third  test  are  shown  to 
trate  typical  characteristics  of  the  data.  The  method 
of  curvatures  from  measured  strains  is  presented  along 
No.  11  to  illustrate  the  curvature  characteristics.  ^®'’®’^®\®9'^eement  was 
found  between  curvatures  from  Tests  No.  10,  No.  11,  and  No.  12  and  with  those 
calculated  from  the  IMPBC  simulations.  A  variety 

associated  by  testing,  data  requisition,  and  data  reduction  make  similar  com 
parisons  with  other  tests  pointless. 


8.1  STRAIN  DATA  CHARACTERISTICS 


One  pair  of  quarterpoint  and  center  strain  gages  are  P^'^^ented  in  Figures 
42  and  43^to  illustrate  typical  test  data.  These  figures  reproductions  of 
computer  plots  produced  by  the  Computer  Sciences  laboratory  of  Eg  in  AFB, 
Florida.  The  identification  of  data  channels  is 

Aooendix  A  The  steel  gage  data  channels  were  calibrated  to  7500  m  in/in, 
several  times  the  expected  yield  strain,  while  the  concrete  data  channels 
were  calibrated  to  3000  u  in/in,  the  order  of  the  magnitude  of  the  static 
crushing  strain.  Since  the  concrete  gages  were  located  between  the  elastic 
neutral  axis  and  the  top  surface,  the  measured  concrete  strains  were  approxi¬ 
mately  50  percent  of  the  top  surface  strain,  provided  simple  beam  theory  is 

applicable. 


Throughout  the  test  series,  continuous  data  records  were  available  fr^m 
the  auarterooint  strain  gages;  the  center  gages,  on  the  other  hand,  performed 
fs  shown  t^  FiSurl  Sr  Inspection  following  the  tests  showed  the  center  con¬ 
crete  gages  to^be  broken  in  tension,  presumably  the 

from  the^aximum  displacement,  or  spalled  off  as  the  result  of  compress!^ 
failure  The  broken  circuits  were  evident  from  the  very  high  frequency, 
Urgelmplitudrsignals  which  covered  the  latter  part  of  the  plots,  as  shown 
in  Fiaure  43  Post-test  continuity  checks  of  steel  gages  indicated  open  cir 
CHi JCS  al though  vrsual  confinnatioii  was  not  possible.  The  failure  may  have 
been  due  to  gage  distress  or  broken  lead  wires. 


8.2  MEASURED  BEAM  CURVATURE 


The  strain  gage  data  provided  a  measure  of  both  the  steel  and  concrete 
response  to  tte  impulse  loSd.  However,  to  determine  the  flexural  response  it 
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were  calculated  by: 

('c-*s>  0) 


where 

(ji  =  curvature,  rad/in.; 

t  =  concrete  strain.  In/in,  compressive  strains  positive; 
c 

t  =  steel  strain,  in/in;  and 

=  vertical  distance  between  steel  gage  and  concrete  gage,  in., 

^  where  =  9.8  in.  for  No.  6  bars,  and  Xg  =  9.6  for  No.  9  bars. 

Palrulated  curvatures  are  shown  for  Test  No.  11  in  Figure  The  cal 
culated'5Sir‘terpo?nt  curvature.  was  the  average  of  the  two 

cal culations. 

The  curvature-time  history  shown  in  Figure  44  is  typical  of  the  observed 
flexurSl  MSMn«  Curvatures  are  indicated  prior  to  shock  wave  arrwal , 

^robabli  the  result  of  the  electrical  interference  caused  by 

ax/pr'aap  rate  of  chanqe  of  the  center  curvature  for  the  first  3  ms  aijer  snocK 

wav^l^iv^  was  greater  than  that  of  the  guarterpoint  '“’'''“"p"' 

jsSeTr’^tir:!^  *"pt„“??;!'r5?sSn;irn“n‘ot:5'rn  sid: :  7' 

concrete  beam  by  the  IMPBC  simulations,  as  shown  in  Figure  B-4.  Appendix  B. 

8.3  CORRELATION  WITH  CALCULATED  IMPBC  CURVATURE 

Curvatures  for  a  typical  beam  from  Tests  No.  10  and  No.  12  are  compared 

with  Kc  results  in  Figure  45.  Results  for  the  high  strength  concrete  bearr, 

Tf  Te  t  No  11  are  shown  in  Figure  46.  The  computer  simulations  were  run 
with  three* impulse  loads.  400,  500  and  600  psi-ms,  to  encompass  the  estimated 
tpst  imoulses  Although  values  predicted  by  Goodman  (Reference  1)  were  648 
and  610  psl-m;  for  Tens  No.  10  Ld  No.  12.  respectively  (Figure  32).  mea- 
sured  values  were  lower.  It  is  probable  that  the  actual  impulse  , 

the  two  values.  Curvatures  which  '“’•''“pond  to  selected  PO'|;«  »"  ^ 

i7Pri  matprial  stress-strain  curves  are  identified  in  the  figures,  inese 
J”rvaturerdes?gh“l  rransition  points  on  the  curve  of  moment  variation  wUh 


o 
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Figure  44.  Curvatures  Calculated  From  Center  and  Quarter  Point 
Strain  Data,  Beam  3,  Test  No.  11 
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Figure  45.  Comparison  of  Impulse  Test  With  IMPBC 
Calculated  Curvature,  Typical  Beams 
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curvature,  as  shown  in  Figure  B-4,  Appendix  B.  These  points  are:  (1)  Hoy* 

A'  tn  i-ho  ctppl  strain  at  yield  and  the  transition  of  the  member 

f°OT*ela"tic^to  plastic  behavior;  (2)  ♦ffic-  corresponding  to 
Crete  stress,  a  discontinuity  in  the  idealized  concrete 

Alth  “'‘h’l^f ustlntrarcirvni'r^  rltfo?  cha^9e"‘'or*s'fipr.'’"appeared''jrbc 

ru^iiaIS%hl"ylelJ‘Jhfno™Ln“rsrumlHS/"the'construction  of  the  ™ment- 
curvnure  "Nation,  as  well  as  adds  confidence  to  aKasured  strain  values. 

8.4  SUMWIIY 

Although  gages  runted  at  the  center  of  the  bea. 

«nab^e  Tu  ^^tt^  ?Silure!'''TSriuarWrpotnt  gages  provided  a  continuous 
record  throughout  the  test. 

General  agreenent  was  i2?e''no?l“in1ho 

culated  by  computer  program  IMPBC.  time  Measured 

r» 

topical  beams  would  occur  at  an  impulse  between  600  and  700  psi-nis. 


SECTION  IX 

BEAM  DAMAGE  ASSESSMENT 


The  visual  inspection  which  followed  the  blast  tests  provided  a  quali¬ 
tative  assess^nt  of  blast  damage.  For  several  tests,  the  damage  appeared 
luoht  trSist^nt.  Therefore,  it  was  necessary  to  develop  a  more  pre- 
cise  evaluation  of  the  damage  caused  by  the  impulse  loading.  The  beams  were 

returnrd  tf  Se  Skirhoma  SUte  University,  Stillwater,  u^Sf^lese 

and  tests  The  beams  were  loaded  statically  to  failure  and  results  of  these 

tests  were  presented  in  Section  IV.  In  this  section  a  . 

.....nfaii  hu  Rinn.  (Reference  3).  is  proposed  end  evelueted  for  predict- 
?"nd  §e™d2  cL  ed  if  mpSuelo  ds  ’  AithL/h  the  stody  is  limited  to  typicel 
bMmf  it  ifrroposed  ?hat  the  method  may  be  extended  to  the  other  beams  of 
this  program  as  well  as  other  members,  such  as  plate  and  slab  structures. 

9.1  FINAL  STATIC  TEST  RESULTS 

ThP  data  from  the  final  static  tests  are  summarized  in  Table  IX.  In 
this  chanter  the  properties  of  the  damaged  beams  are  presented  as  a  function 
of  charSe  ttandof?  distance  and  include  residual  plastic  work  capacity  and 
the  ratio  of  measured  to  theoretical  ultimate  moment.  These 
in  Fiqures  47  and  48.  Also  shown  in  the  figures  are  the  results  obtained 
from  beam  13,  which  was  not  subjected  to  impulse  loading  prior  to  the  static 

test. 

Although  scatter  is  apparent  in  the  data  for  residual  plastic  worj^. 
cVinuin  in  Fiaure  47  several  trends  are  apparent.  First,  the  beams  with  in¬ 
creased  reinforcing  steel,  the  high  strength  beams,  exhibit 
wSr^capirity  Second  is  the  relation  between  charge  standoff  distance  and 
rSHdual  work  caoacity  as  the  charge  standoff  distance  decreases,  residual 
Dlas?ic  work  i^decreaUd  Finally,  the  high  strength  concrete  beams  exhi¬ 
bited  the  largest  residual  work  capacity,  although  they  had  been  subjected 
to  the  greatest  impulses. 

Measured  and  theoretical  moments  are  compared  in  Figure  48.  caj  ^e 
noted  that  the  change  in  the  maximum  moment  with  impulse  is  le.i  significant 
Ihan  the  change  noted  in  residual  plastic  work.  Furthermore,  the  measured 

Sltimate  moment  of  the  undamaged  typical  beam.  J®®^  "’^^JJJJ^J^thriiperi- 
oniiai  tn  the  theoretical  ultimate  moment.  The  difference  oetween  cne  exper i 

mental  and  theoretical  strength  may  have  resulted  ^''o;ht;‘‘involllld"in'’othe?^'^ 
by  test  apparatus;  if  so,  similar  influences  are  probably  involved  in  other 

strengths  shown. 
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plastic  work  required  to  fail  beam,  Wp,  kip-in. 


Figure  47.  Variation  of  Residual  Plastic  Work 
With  Charge  Standoff  Distance 
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Figures  47  and  48  show  effects  of  impulse  loads  on  the  reinforced  con¬ 
crete  beams.  The  standoff  distance  of  the  pentolite  charge  was  assumed  to 
be  a  quantitative  measure  of  the  level  of  impulse  delivered  to  the  beam 
The  reduction  of  residual  plastic  work  may  be  interpreted  as  a  measure  of 
JSLged  caised  by  The  blast  loading.  Although  only  limited  data  are  ava,l- 
able  for  high  strength  concrete  and  high  steel  ratio  beams, a  trend  is 
apparent  for  these  members. 

The  static  response  of  damaged  and  undamaged  typical  beams  is  compared 
in  FiquTag  Except  for  the  reduced  ductility  of  the  damaged  beams  the 
i«  c2rT  exhibit  similar  characteristics.  Little  difference  is  noted  n 
either  the  ultimate  moment  or  the  initial  slope  of  the  curves.  this  sec 
tion  the  damage  due  to  the  blast  loading  will  be  studied.  .  . 

between  the  static  tests  will  be  related  to  damage  produced  by  the  kinetic 
energy  imparted  to  the  beam  during  the  impulse  loading. 

In  Figure  49  the  residual  plastic  work  of  damaged  beams  is  compared  with 
the  total  work  capacity  of  an  undamaged  member.  Except  for  Test  o.  , 
excellent  agreement  i s noted  between  standoff  distance  and  the  plastic  work 
ratio.  These  data,  along  with  the  characteristics  noted  in  ^iQure  29,  will 
be  the  basis  for  the  damage  criterion  developed  in  the  next  section. 

9.2  IMPULSE  DAMAGE  PHENOMENON 

The  effect  of  the  high  intensity  impulse  loading  is  to 
from  the  blast  pressure  wave  to  kinetic  energy  in  the  beam.  Since  the  dura¬ 
tion  of  the  positive  pressure  is  less  than  2  ms,  it  may  be  assumed  that  the 
transfer  is  instantaneous,  imparting  to  the  beam  a  lateral  the 

consistent  with  the  support  constraints.  The  kinetic  energy  related  to  the 
initial  velocity  must  be  dissipated  by  plastic  deformation  of  the  beam  or 
stored  in  the  beam  as  elastic  strain  energy.  The  static  Plastic  work,  or 
toughness,  will  be  used  to  determine  the  capacity  of  the  beam  to  dissipate 
kinetic  energy.  However,  the  moment  due  to  static  loading  should  approxi- 
mlJflhe  shape  of  the  dynamic  bending  moment.  In  the  laboratory  this  was 
accompli shed^by  a  trapezoidal  moment  distribution  where  the  center  48  inches 
of  the  beam  was  subjected  to  constant  moment.  The  work  related  to  this  load¬ 
ing  was  recorded  and  will  be  used  to  estimate  beam  impulse  capacity. 

9.3  PREDICTION  OF  IMPULSE  DAMAGE 

A  correlation  between  residual  plastic  work  and  charge  standoff  distance 
shown  in  Figure  49  for  typical  beams.  As  the  charge  standoff  distance  is 
decreased,  the  residual  plastic  work  decreases.  The  work  was  determined  from 
the  laboratory  resistance-displacement  curves,  shown  in  Figure  29.  However, 
these  data  may  be  arranged  as  shown  in  Figure  50.  Instead  of  a 
tial  point,  failure  is  selected  as  the  point  common  to  both  damaged  and  undam¬ 
aged  beam  resistance-deflection  curves.  The  proposed  method  for  damage 


84 


RESISTANCE 


ASSUMED  BEHAVIOR 
DURING  IMPULSE  TEST 


UNDAMAGED  BEAM 


damaged 

BEAM 


DISPLACEMENT,  8 


Idealized  Resistance-Displacement  Curves 
for  Damaged  and  Undamaged  Beams 


•  r-  Tho  rpinforced  concrete  member  has  a  pre¬ 
analysis  is  shown  by  this  The  ^^^5  capacity  is  expend- 

dictable  capacity  for  Pi determined  by  a  static  test.  The  reduction 

tS-w^rk  to  kinetic  energy  which  had  been 

dissipated. 

f  4.U4C  torhninue  is  that  the  kinetic  ^nergy 
Thus,  the  primary  assumption  .  transformed  partially  intV 

imparted  to  the  beam  .^'JJ'^the  beam  and  energy  dissipated  by  plastic  de- 

elastic  strain  energy  d  that  the  beam  Initial  velocity  dis- 

;rori:n- J^^nSrofdar^rth’:  “^'xl^^eSt^r  velocity 


'^max  m 

where 

I  =  impulse,  psi-ms; 
b  =  beam  width,  inches;  and  ^  ^ 

m  =  beam  mass  per  length,  lb-sec  /in  . 

The  total  kinetic  energy  of  the  beam  is  given  by 

...  I^b^L 


where  L  is  the  length  of  the  member. 


WMCI  C  u  •  - ^  - 

It  is  assumed  that  the  ^"g^atic^worrcapacity  of  an  undamaged 

be  greater  than  or  equal  to  ^ork  capacity  W  is  taken  as  the 

rd^n^rr  re  ro^:e”L^^:rrrsr?In“t?;^  drSp  1n^oad  capacity  occurs: 


ruclion  a;!‘"he''tot5l  rk“ma^lso™br"a?ed’to‘;hS  ‘tSta?  ^stic  work 
capacity  of  an  undamaged  beam,  WpIUD). 


W  =  Wp{UD) 


[7^ 


rr  fan  to  the  total  work  capacity  [Equation 

^^^)]!'’?hr:irimuri;pilsfri?hed  lo  produce  failure  In  an  undamaged  beam 
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W  (UD)(7  - 


Ty~ 


This  is  also  the  value  of  impulse  predicted  by  Biggs  (Reference  3). 


If  a  resistance-deflection  curve  is  available  for  an  undamaged  member, 
it  will  be  possible  to  estimate  the  impulse  to  which  a  beam  was  subjected. 

Ihe  residLl  Plastic  work.  W„(D),  as  shown  in  Figure  50.  This  represents 
the  work  capacity  which  was  Rot  expended  by  the  blast  loading,  however,  e 
sum  of  the  residual  plastic  work  and  the  work  requned 

kinetic  energy  of  the  blast  must  be  equal  to  or  greater  than  the  total  stat  . 
work  capacity  of  the  beam.  This  may  be  represented  mathematically  as 


KE  +  Wp(D)  ^  W 


where  KE  is  the  kinetic  energy  of  the  impulse  loading.  Substituting  for  .1 
and  KE  [Equations  (9)  and  (11)], 


1/2  rW„(UD)(Y  -  1/2) 


1/^  r 

(^) 


where  I  is  an  estimate  of  the  minimum  impulse  to  which  the  beam  was  subject¬ 
ed. 


For  the  test  data  of  Table  IX,  it  is  possible  to  predict  the  minimum 
imnulse  to  which  the  typical  beams  were  subjected  by  Equation  (I'l)-  1^*]^ 

Sits  S  shown  in  Uble  XI,  along  with  the  predicted  in, poise  of  Goodman 
(Reference  1).  From  undamaged  beam  data,  it  is  estimated  that  an  '"Pd'FO  o 
at  least  708  psi-ms  would  be  required  to  produce  failure.  It  should  be 
noted  that  there  is  agreement  between  this  estimate  and  the  calculated  re 
suits  of  digital  computer  program  IMPBC. 


9.4  SUMMARY 


Post- test  visual  inspection  of  the  beams  indicated  moderate  to  slight 
danaae  However,  the  final  static  tests  indicated  significant  losses  in 
plastic  work  capacity  which  were  related  to  the  dissipation  of  kinetic 

energy. 


A  method  for  predicting  damage  based  on  work  of  Biggs  (Reference  3) 
oroDOsed  Although  reliable  measured  values  of  impulse  were  unavailable, 
Excellent  agreement  was  noted  between  impulse  predicted  by  Goodman  and 
Equation  (14).  It  is  reasonable  to  assume  that  the  method  presented  in  th.s 
report  may  be  extended  to  other  concrete  members. 


,11  II  .Nip  .11  ^.1 


TABLi;  XI.  ESTIMATE  OF  TEST  IMPULSE  FROM 
RESIDUAL  PLASTIC  UORK  AND 
REFERENCE  1 


Test 

No. 

Minimum  Kinetic 

Energy  Imparted 
to  Beam  (kip-in) 
Equation  (13) 

Impulse  I  (psi-ms) 
Equation  (14)  Goodman® 

1 

18.9 

460 

375 

2 

16.8 

434 

410 

3 

27.5 

555 

520 

5 

28.0 

560 

560 

6 

19.5 

468 

560 

10 

32.3 

602 

650 

12 

31.2 

595 

620 

Beam  13 

44.6^ 

708 

___c 

^Froni  Figure  32. 

^Maximum  work  available  for  kinetic  energy. 
^Static  test  beam. 
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SECTION  X 

SUMMARY  AND  RECOMMENDATIONS 

These  tests  provided  both  qualitative  and  quantitative  data  of  the 
blast-Jespone  phenomenon  for  reinforced  concrete  beams.  The 
arrLm.narized  and  reconi.«ndations  are  proposed  for  additional  studies. 

Three  general  conclusions  of  this  study  are: 

1.  Although  the  threshold  impulse  for  beam  failure  was  not 
the  impulse  tests  provided  valuable  information  concerning  the  coupling  of 
the  blast  pressure  wave  with  the  beam. 

2  The  technique  of  statically  testing  the  impulse-damaged  beams  was  a 
valuable  method  for  obtaining  quantitative  assessment  of  beam  damage. 

3  Beams  with  high  strength  concrete  exhibited  the  greatest  resistance 
to  damage  due  to  impulse  loading.  On  the  other  hand,  the  beams  with  a  large 
steel  ratio  were  the  least  resistant  to  impulse  loading. 

10.1  TEST  EVALUATION 


The 


10.1.1  Test  Equipment 

The  test  beams  were  suitable  for  the  test  program.  The  beams  were 
neither  model  sized  nor  too  large  to  handle  in  the  laboratory  or  field, 
test  fixture  performed  well  during  the  blast  tests.  It  sustained 
damage  and  would  be  available  for  future  test  programs.  A  spherical  pento- 
lite^charge  suspended  above  the  test  specimen  was  effective  in  providing  the 
required  impulse  loads. 

The  manner  in  which  beams  were  supported  should  be  improved  if  addition¬ 
al  tests  are  performed.  In  this  program  sufficient  accelerations  were 
imparted  to  the  test  to  result  in  measurements  wh^ch  were  a  combination  of 
both  reaction  and  inertial  forces.  It  was  also  noted  that  in  some  tests, 
longitudinal  forces  were  being  resisted  by  the  support 
precautions  taken  to  eliminate  such  forces,  ^^is  J 

able  that  an  ideal  support  condition  is  not  achievable  in  a  blast  environ 
ment  fn?  it  siggest^that  in  future  work,  simpler  but  well-instrumented  end 
conditions  be  provided. 

Although  pressure  data  were  improved  by  changing  pressure  transducers, 
addit^i^arworE  ls  required  to  investigate  the  response  of  {j-dnsducers  to 
the  very  short  duration,  high  pressure  loading  produced  in  these  tests.  T 


PCB  transducGPs  appeared  to  9^'^®  consistent  results,  out  because  the 
sured  impulses  found  by  integrating  the  pressure-time  data  were  generally 
less  than  those  predicted  by  Goodman  (Reference  1),  the  accuracy  of  these 
measurements  should  be  studied. 

The  accelerometer  installation  utilized  for  these  tests  did  not  prove 
to  be  suitable.  A  zero  shift,  which  was  of  the  order  of  magnitude  of  the 
data,  was  produced  by  large  shock  transients. 

Data  from  strain  gages  attached  to  the  test  specimens  were  normally  of 
acceptable  quality  but  of  limited  usefulness  because  of  gage  failure  during 
the  early  portion  of  response.  It  is  recommended  that  in  future  work, 
efforts  be  made  to  develop  reliable  transducers  which  can  directly  monitor 
the  deflection  of  beams. 

1 0.1.3  Dama qe  Assessment 

An  important  development  of  this  work  was  the  assessment  of  damage  from 
a  comparison  of  static  resistance-deflection  characteristics  of  damaged  and 
undamaged  beams.  The  variations  noted  in  these  curves  were  attributed  to 
the  impulse  loading.  It  was  found  that:  (1)  for  the  range  of  standoff  dis¬ 
tances  studied,  there  was  not  a  large  reduction  in  the  ultimate  moment 
capacity  of  the  damaged  beams;  (2)  there  appeared  to  be  substantial  reduc¬ 
tions  in  the  ductility  of  the  damaged  beams;  and  (3)  of  the  parameters 
studied,  the  residual  plastic  work,  which  includes  items  (1)  and  (2),  exhi¬ 
bited  the  greatest  change  with  the  standoff  distance. 

The  beam  damage  assessment  method  was  used  to  predict  test  impulse. 

The  impulse  predicted  by  the  damage  criterion  for  the  typical  beams  compared 
favorably  with  Goodman  (Reference  1).  Similar  evaluations  could  have  been 
made  if  undamaged  samples  of  the  other  beam  types  had  been  available. 

10.1.4  Comparison  of  Test  Data  With  IMPBC  Analysis 

Results  of  program  IMPBC  were  compared  with  experimental  reactions  and 
curvatures.  Excellent  agreement  was  noted  between  calculated  and  measured 
curvatures.  Comparison  of  reactions  must  be  qualified  because  of  the  vibra¬ 
tion  of  the  support  mechanism.  Measured  reactions  are  a  combination  of  beam 
end  forces  and  support  mechanism  inertial  forces.  However,  the  IMPBC  results 
are  similar  to  the  measured  data  when  the  effect  of  the  change  of  impulse  on 
the  change  in  reaction  is  considered.  Finally,  the  agreement  between  IMPBC 
and  Biggs  (Reference  3)  for  failure  impulse  should  be  noted. 

It  is  concluded  that  the  program  becomes  a  versatile  and  valuable 
analytical  tool  for  investigating  the  impulse-response  characteristics  of 
reinforced  concrete  beams.  However,  it  is  also  recommended  that  the  digital 
computer  program  be  extended  to  include: 
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1.  A  criterion  to  represent  loss  of  material  from  the  top  layers  of 
concrete  in  the  highest  moment  region,  and  account  for  the  changed  cross  sec¬ 
tion  by  revising  the  moment-curvature  curves  at  the  affected  nodes. 

2.  Automatic  evaluation  of  strain  rate  effects  within  the  program. 

3.  Damage  assessment  criterion  developed  in  this  work. 

10.1.5  Beam  Per forma nee 

Beam  damage  was  evaluated  on  the  basis  of  visual  observations  and  static 
load  tests  to  failure.  On  the  basis  of  visual  observations,  the  high 
strength  steel  beam  appeared  to  sustain  the  most  damage;  however,  the  static 
tests  showed  the  large  steel  area  beams  to  have  the  least  residual  energy 
capacity.  The  high  strength  concrete  beams  appeared  to  have  the  greatest 
blast  resistance  on  the  basis  of  both  visual  observation  and  residual  static 
capacity. 

10.2  RECOMMENDATIONS  FOR  ADDITIONAL  STUDIES 

Limited  studies  should  be  performed  to  evaluate  the  damage  criterion 
presented  in  this  report  for  other  structural  members.  The  program  should 
include  static  testing  of  undamaged  members,  to  predict  failure  impulse, 
followed  by  blast  tests.  It  is  further  recommended  that  the  existing  test 
fixture  be  utilized  for  these  tests. 

The  members  which  should  be  investigated  are: 

1.  Tee  and  double-tee  beams,  with  attention  to  web  shear  failure  and 
shear  transfer  from  flange  to  web  in  high  moment  regions; 

2.  Composite  beams,  with  attention  to  shear  transfer  from  the  concrete 
to  the  steel  portion  of  the  member; 

3.  Prismatic  beams  with  compression  reinforcement;  and 


4.  Prestressed  concrete  beams. 
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APPENDIX  A 
IMPULSE  TEST  DATA 


utilized  for  the  analysis  of  the  beam  response. 

As  many  as  23  channels  datrwerrJocorded  as  analoy 

were  recorded  during  the  '  ,4;,jUil  data.  The  data  are  available 

signals  and  later  converted  to  disc  ]icl\nns-  (2)  computer-generated  plots; 
in  throe  forms:  (I)  com|iutcr  I’f J“Sations  of  the  vari- 
and  (3)  computer  •  J,*’®  p^qure  a-1-  The  figure  is  a  top 

ous  instruments  are  shown  schematical  y  t*  cWnws  locations  of: 

r,rts:  To^fc^nf 

rhfirt  rrarc:;?tr^- " 

mi:s!‘^n^s;«rwoir  "ho  ?aho^a;4^.1no  t.-rck,  1600  bpi  in  IBM  360  format. 

copie^'of'’n9u?es'wlV;clV'Lr^^rodS«d^.^th^C^ 

Laboratory . 
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Figure  A-1.  Schematic  of  Instrumentation  Location  and  Data  Channel  Notation 
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Figure  A-3.  Data  From  Impulse  Test  No.  3,  Beam  12,  19  June  1974 
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Figure  A-5.  Data  From  Impulse  Test  No.  5,  Beam  10,  21  August  1*174 
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Figure  A-5.  Ddta  From  Impulse  Test  No.  S,  Beam  10,  21  August  1974  (Continued) 
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Figure  A-5.  Data  From  Impulse  Test  No.  5,  Beam  10,  21  August  1974  (Continued) 
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Figure  A-6.  Data  From  Impulse  Test  No.  6,  Beam  8,  ?3  August  1974 
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Figure  A-8.  Data  From  Impulse  Test  No.  8,  Beam  2,  12  September  1974  (Continued) 
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Figure  A-9 


Data  From  Impulse  Test  No.  9,  Beam 


5,  13  September  1974  (Continued) 
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APPENDIX  B 


dfscription  of  dynamic  material  properties 

FOR  IMPBC  ANALYSIS 

T„o  discussion  in  this 

ther  details  of  the  numerical  method  and  the  compuit^r  p  j 
in  Reference  2. 

B.l  STEEL  DYNAMIC  STRESS-STRAIN  CURVE 

The  dynamic  ^tress-strain  curve  for  the  -joforcing  steel 

was  esti"nated  utilizing  the  iS^e^dVring  test  No.  12, 

the  strain  rate  of  2.01/sec  ™ic  ltrers^train  curves  for  40-  and  60- 

Tradfrcee?^  uLd  In  the  computer  simulation  are  shown  in  Ftgure  B-1. 

B.2  CONCRETE  DYNAMIC  STRESS-STRAIN  CURVE 

The  concrete  stress-strain  curve  '’P'’?^J™„^“Vl).'‘^^e'’dovelop- 

characteristics  and  a  method  PJoPf ^"PPjJP  fluurtrated  in  Figure  B-2. 

strain  rate  dependent  quantity.  The  ®  flexural  effects,  the 

cu^v^?B^^rlducTb5  0*i5'"to  i^eid  fpoc,  the  dynan.ic  flexural  stress-strain 
curve  for  concrete. 

Mso  shown  in  Fi9-e  B-3  j^^;;P^f;„P|,?:,‘5'„nThrnrno:’1n'Ffgi^^^^ 
used  for  computer  simulation  of  ^  ^  fo,.  both  typical  and  high 

B-3  the  dynamic  concrete  %urvL  were  constructed  from  averaged 

strength  concrete  are  pre^tei-  These  ,,,  f,o,n  Figure  4. 

ultimate  stress  data  ^^ble  Vs  *  a  observed  at 

For  a  strain  rate  of  0.43/sec,  t  [•  • 

the  center  of  the  test  specimen  during  test  No.  12. 

B.3  MOMENT-CURVATURE  CHARACTERISTICS 

were  dl^lSedl'rorsrr^lsrrSirdrta"?  Fl“"rerB-l'ard  b'-';  'TUrtymbolf 
on  the  curves  define 
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=  the  curvature  related  to  onset  of  steel  yield; 

=  the  curvature  producing  ultimate  concrete  stress  in  the  top 
fiber;  and 


4)C 


^“Dc 

Several  Important  features  j''fI[“yJjl*5tjffness^'*EI,  compares 

tions  VII  and  VIII.  ‘^®,“!‘=“l3Kle  VI  The  measured  flexural  stiff- 

very  favorably  with  measured  concrete,  and  high  strength 

ness  for  typical  beams,  beams  w,h  high  strngth  conc^  ,3 

Steel  vanes  from  1.32  x  '9.xr°  i  i?  y  io9  ib-in  .  In  Figure  B-4 

with  an  average  flexural  stiffness  of  *  j^^ffness  of  these  members, 

little  difference  is  noted  between  the  flexural  stinn 

which  have  an  average  El  of  1.^  x  10  material  properties  to  reflect 

pated  and  is  due  to  the  ^ug  calculated  ultimate  moment  capacity 

increased  strain  rate.  comoared  with  a  measured  ultimate  moment 

of  the  typical  beam  is  625  in.  compared  wun^a^^  calculated  over- 

::s:Sred’rtr:ng;rwaran’t?cipIJed'l?  to  increased  strength  of  the  concrete 
and  steel  for  strain  rate  effects. 


=  the  curvature  which  produced  failure  strain  in  the  concrete. 


SCALE 

CHANGE 
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s-Strdin  Curves  'Keel  in  I'lPBC  Sii'ulations 


Fiqure  l!-l.  Steel  Stre 


STRESS,  PSI 


7000| 


6000! 


roc^a&fK 

riMpec 


4000h  r, 


2000 


2000  3000  4000  5000 


STRAIN,  X  10'®  IN/IN.e 


re  B-2.  Adjustments  of  Concrete  Cylinder  Stress-Strain 
Curve  to  Account  for  Dynamic  and  Bending  Effects 
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